Abstract: Ortho-phosphate inside recirculation aquaculture systems is limited as a consequence of precipitation and regular water exchange rates. To improve plant growth in coupled aquaponics, phosphate fertilizer addition to hydroponics can increase PO4 3− -P concentrations inside the process water. We investigated the effects of four PO4 3− -P concentrations (<10 (P0), 40, 80, 120 mg L −1 ) in rearing water on growth performance, feed efficiency, and welfare traits of juvenile African catfish (Clarias gariepinus Burchell, 1822). By trend, optimum specific growth rate of 2.66% d −1 and feed conversion ratio of 0.71 were observed at 40 and 80 mg L −1 PO4 3− -P. Higher PO4 3− -P significantly affected skin coloration, swimming activity and external injuries, with the palest and inactive fish combined with most external injuries in the P120 group. Mineral and protein contents in the fish remained unaffected, while fat content inside the fillets enriched with increasing PO4 3− -P. Inorganic P in blood plasma increased significantly, while phosphate concentrations inside the fillet remained unchanged. We suggest that PO4 3− -P concentrations of 40 to 80 mg L −1 do not reduce the performance of African catfish aquaculture, while increased values of 120 mg L −1 affect fish welfare. This allows limited addition of PO4 3− -P fertilizer in coupled aquaponics with African catfish to support plant growth.
Introduction
Phosphorus contributes essentially to the growth of animals and plants, because it plays a key role in many vital components [1] [2] [3] . In aquaculture systems, fish satisfy their demand for P with their diet [4] , while in hydroponic systems, inorganic fertilizer supplies P (as PO4 3− -P) to the plants [5, 6] . In the combination of both, known as aquaponics, the plants will ideally satisfy their demand from unretained P excreted by the fish [7, 8] . However, recent evidence suggests that the levels of P originating from aquaculture process water are low due to rapid precipitation, limiting its use for an optimal plant growth [9] [10] [11] . In decoupled aquaponic systems, this deficit can be overcome by addition of inorganic phosphate fertilizer [12, 13] . The water used in decoupled aquaponics is not recirculated back to the fish once used in hydroponics, which means that nutrient adjustment cannot affect the fish. In coupled aquaponic systems, the process water circulates between the fish and the
Results

Water Quality
On day one of the experiment, the water quality parameters inside the four systems ranged from: dissolved oxygen (DO) = 7.5-7.8 mg L −1 , temperature = 26.3-27.3 °C, pH-value = 8.5-8.8, conductivity = 560-611 μS cm −1 , redox-potential = 143-169 mV, NH4 + -N = <0.01-0.04 mg L −1 , NO2 − -N = 0.01-0.02 mg L −1 , NO3 − -N = 2-3 mg L −1 , PO4 3− -P = 0.1-0.2 mg L −1 , K + = 4-6 mg L −1 , Mg 2+ = 9-14 mg L −1 and Ca 2+ = 68-87 mg L −1 . The mean values and standard deviations of the different water quality parameters over the run of the experiment are given in Table 1 .
Significant differences (p < 0.05) were revealed for DO, temperature, pH-value, salinity, redoxpotential, levels of PO4 3− -P, Ca 2+ and NO2 − -N (Kruskal-Wallis). No significant differences were revealed for conductivity, total dissolved nitrogen (TDN), NH4 + -N and NO3 − -N (p ≥ 0.05) (KruskalWallis). The DO and the temperature in P120 were lower when compared with the other groups. The highest pH was observed in P0, the lowest in P40 and P80. The highest salinity/conductivity was observed in P120, the lowest in P80. The highest redox-potential was observed in P80 and P120, the lowest in P0. NH4 + -N ranged from 2.19-2.75 mg L −1 , NO2-N from 0.21-0.34 mg L −1 . Although not significantly, total oxidized nitrogen (TON), NO3 − -N, TDN and K + increased by trend from P0 to P120.
For Ca 2+ , significant differences were revealed for all groups, except between P80 and P40, and P80 and P120, with the highest concentrations in P0, and the lowest in P120. For PO4 3− -P, significance was revealed for all groups except between groups P80 and P120. PO4 3− -P increased from P0 to P80, and by trend to P120. The reference group reached a mean PO4 3− -P concentration of 3.6 mg L −1 ± 2.4 standard deviation (SD) due to unretained P by the fish. With increased addition of PO4 3− -P to the three test groups, the water increasingly turned milky. The intensity of milkiness (impression of the observers) reduced over the course of the experiment but remained until the end. On the last day of the experiment, the water quality parameters differed from the conditions of day one and ranged from: DO = 6.2-6.9 mg L −1 , temperature = 25. 
Fish Performance and Body Composition
During the experiment, three animals died in the group P0, two in P80, while no mortality was observed in the groups P40 and P120. After acclimatization, fish always ate the scheduled daily ratio. The means and SD of the fish growth performance parameters are given in Table 2 . Final weight, total length, standard length, growth, fillet ratio, specific growth rate (SGR), feed conversion ratio (FCR), and total feed intake (TFI) showed no significant differences between the treatment groups (p ≥ 0.05).
The mean values of the body composition of the baseline, as well as the control and the experimental groups, are given for whole fish in Table 3 and fillet in Table 4 . Except for the fat content in the fillets, no significant differences were found in the whole body and the fillet composition. The fat content in the fillet was significantly higher in P120 when compared with P0. By trend, the fat content in the fillet and the Ca content in the whole fish increased from group P0 to P120.
No significant differences in the values of the apparent net nutrient utilization (ANNU) were found (Table 5) . By trend, the ANNUs of Ca and P increased from group P0 to P120, and the ANNU of protein increased by trend slightly from P40 to P120. 
Welfare
The examination of the gills revealed no structural changes of the epithelial tissues, the primary and secondary lamella or the mucous cells (Figure 1 ). The mean values and SD of the welfare indicators based on the skin coloration, plasma metabolites, and the behavioral analyses are given in Table 6 . Significant differences (p < 0.05) in skin coloration (Kruskal-Wallis) were observed with the palest fish in P80 and P120 and the darkest in P40 (skin darkness: P40 > P80, P120).
For the functional blood parameters, significant differences (p < 0.05) were revealed for plasma concentrations of inorganic P between P120 and P0 and P40 (variance analysis, PROC MIXED). No significant differences were revealed for plasma Ca, NH4 + , glucose and cortisol. Plasma concentrations of inorganic P was increased in animals kept at P120 compared to animals kept at P0 and P40 (P0 ≤ P120; P40 ≤ P120).
The behavioral responses of C. gariepinus were slightly altered between the treatment groups ( Table 6 ). Significant differences (p < 0.05) were observed within swimming activity (analysis of variance (ANOVA)), air breathing (ANOVA), and the number of biting wounds (Kruskal-Wallis), with lowest swimming activity and air breathing, but most biting wounds in the P120 group. The number of biting wounds was numerically lowest in P0, but no significant difference (p ≥ 0.05) (Kruskal-Wallis) was detected between P0 and P80, and P40 and P120. By trend, the observed agonistic behavior (group), swimming activity and air breathing reduced with increasing concentrations of PO4 3− -P. Superscript letters indicate significant differences between the experimental groups (p < 0.05).
Discussion
This is the first time that effects of elevated concentrations of PO4 3− -P in the rearing water were studied on the growth performance and welfare of African catfish. Medium increase in PO4 3− -P concentrations were without significant effects, while the level of 120 mg L −1 PO4 3− -P affected behavior and welfare.
Water Quality
At the beginning of the experiment (d1), the water quality was similar between the treatment groups, with high DO and pH-values, low conductivity, high redox potential and very low levels of NH4 + -N, NO2 − -N NO3 − -N, and PO4 3− -P, originating from the properties of the aerated tap water. Although the pH dropped over the course of the experiment, this change took place during the first 20 days in a continuing manner, allowing the fish to acclimatize to these changing conditions.
Addition of P2O5 did not simply result in proportional increase of PO4 3− -P concentrations inside the water. This disproportional response was probably a result of precipitation of PO4 3− -P with Ca 2+ and Mg, 2+ a phenomenon which is well understood [22, 23] . This is supported by the increasing turbidity of the process water, significantly decreasing levels of dissolved Ca 2+ (p < 0.05), and by the trend of decreasing levels of dissolved Mg 2+ after addition of P2O5. Using a protocol based on P2O5 dose and analytical response, the target levels of P40 and P80 were achieved. By trend, the levels of PO4 3− -P in the group P120 mostly remained above the other concentrations with a high standard deviation, while the P0 group in maximum reached 8.9 mg L −1 caused by natural excretion of the fish.
Only minor differences in the water quality parameters were observed between the groups. K + , NH4 + -N and to lesser extent NO2 − -N started to accumulate from day 30, in all systems, indicating an overload of the biofilters. As regular water exchange remained, the water quality parameters were well appropriate for C. gariepinus [24] [25] [26] [27] . Given that our statistical analysis revealed significant differences in DO, temperature, pH-value and redox-potential between the groups, we cannot rule out minor influence on our results. However, due to the small magnitudes of these values, and because of the inevitable precipitation of Ca/Mg-phosphates, we estimate the observed effects to be monofactorial, resulting from the major differences in PO4 3− -P.
Mortality and Growth Performance
The mortality during the experiment was very low (2.6%). Considering that of five dead fish three died in P0 and two in P80, the mortality was likely not a result of the increased PO4 3− -P concentrations in the rearing water.
For juvenile African catfish, we presumed an exponential growth (body weightd0 × exp (k × t) , with k = specific growth rate and t = days of the experiment). From our own previously recorded experimental data [20] , we presumed a FCR of 1.0 and a daily feed ratio of 2.2. The FCR turned out to be lower (0.71-0.73), which can be considered as normal for smaller/younger fish [11, 28] . After the acclimatization period, the fish always ate their scheduled ratio, but appeared to be close to maximum feed intake, which is important in commercial systems to maximize growth. The daily feed ratio was therefore also comparable with that of commercial systems, so we estimated it to be appropriate.
The dietary composition of the commercial feed, especially the levels of P, was adequate according to the literature [4] . Although feed intake appeared to increase with elevated levels of PO4 3− -P, this was not a result of increased appetite but in correspondence with the feeding curve and based on the initial body weight. Using the initial life weight as co-variant, no significant differences in TFI were observed. Consequently, optimum FCR (0.71) and SGR (2.66% d −1 ) were by trend best in P40 and P80. Similar positive effects in response to moderately increased concentrations of PO4 3− -P were also observed with turbot (Psetta maxima) [19] and tilapia (Oreochromis niloticus) [29] .
The analysis of the whole fish revealed that body composition was in line with literature data, with only the levels of P, Ca and protein being higher, and the largest difference in direct comparison in the group P120 [30] [31] [32] . The analysis of the fillets revealed a higher content of ash and protein in our study, a lower fat content, and minerals in a similar range [33] [34] [35] . In our study, the analyzed fillets revealed higher proportions of ash, partially higher or comparable protein levels and similar or lower fat contents [31, 32, 34, 35] . The levels of mineral contents were in range with literature data or even higher [31] [32] [33] . For commercially produced African catfish (C. gariepinus) fillet from intensive production in Germany, Wasenitz et al. [36] found lower levels for ash and P2O5 4.2 g kg −1 wet weight (ww) (value converted into P was 1.84 g kg −1 , in ww) and higher values for dry matter and protein.
Wasenitz et al. [36] determined almost double values for fat when compared to our data.
An interesting observation is the difference in P and Ca content between the juvenile fish at the beginning of the experiment (baseline) and the final body composition. The juvenile fish were fed with starter feed, containing higher levels of P, protein and lower levels of fat. The young fish had higher levels of Ca and P when compared with the final body composition of the fish at the end of the experiment, which was reduced by about 18% (Ca) in P0. They had neither access to a carnivorous natural diet with higher P/Ca contents when compared with the commercial growth out feed, soluble P, nor to sediments with organic/inorganic P deposits like fish in natural habitats. With increasing PO4 3− -P concentrations inside the water, the Ca/P content in the body also increased. This indicates that the P-content in the water influences the mineralization status of the fish bones, where most Ca/P is deposited. We also observed that, if PO4 3− -P increases, the fat content increases. This suggests that the fat content in the fillet can be manipulated via the levels of PO4 3− -P in the water. Our data demonstrate that the fish is able to uptake PO4 3− -P directly from the water, and requires adequate P concentrations to build up fat. The fish held in the P0 group with PO4 3− -P < 2.6 mg L −1 most likely mobilized P from the bones and were therefore unable to keep up with the growth when compared with the fish in P40 and P80. As a consequence, generally elevated levels of PO4 3− -P between 40-80 mg L −1 inside the rearing water increase the growth potential of African catfish RAS, because of higher feed efficiency. The content of P inside the fillets was rather constant at about 1% on a dry matter (dm) basis.
When challenged with elevated levels of PO4 3− -P, African catfish increased the ANNUs of Ca and P by trend up to 120 mg L −1 , indicating higher bone mineralization [15] . Likewise, the ANNU of protein slightly increased by trend from group P40 to P120. Table 5 shows that the ANNU-efficiencies of Ca and P increase under elevated levels of PO4 3− -P. Because the feed was the same in all groups, the difference of P between P0 and the other groups is a result of utilization of PO4 3− -P from the water, allowing better mineralization of the bones, which is also evident in the higher utilization efficiency of Ca under elevated PO4 3− -P. This effect obviously occurs under the use of P limited diets.
Growth can be defined as the assimilation of energy in the form of fat and protein. To be available for growth, the gross fat and protein from feed (net energy) must be: (1) digestible; (2) metabolizable; and (3) not required for maintenance energy expenditure [2, 37] . Maintenance energy expenditure is the sum of energy used for swimming activity and the maintenance metabolism, the vital life functions [38] . The partition of energy allocated to maintenance is substantial, as it accounts for about 15-30% of the gross energy intake [39] . If growth is increased under restrictive feeding (our impression was that fish were not fully satiated), the observed trend in the P120 must result from reduced maintenance energy expenditure, resulting from elevated levels of PO4 3− -P. We observed that the catfish significantly reduced their activity under increased concentrations of PO4 3− -P (further discussed in Section 3.3), possibly allowing the fish to utilize feed derived energy and nutrients for growth.
In fish, the maintenance metabolism is mainly dominated by ionic and osmotic regulation [40] . Also the maintenance of phosphorus requires energy. If dietary P is deficient, increased effort (energy) has to be invested to maintain P-homeostasis. Fish are able to uptake P from the water [41] . The primary and subsequent uptake pathways for organic or inorganic P in African catfish were not assessed, however, in trout these were identified in the proximal and distal intestine, subordinate uptake is provided by the gills [42, 43] . Reabsorption and excretion of P from the urine is provided through the kidneys [44] . It can be speculated that additional supply of P to the water allowed the animal to reduce the energy expenditure for P uptake from feed and water via intestine and the gills, and possibly for renal resorption. This energy could be incorporated as fat.
Considering that an increase in PO4 3− -P also slightly increased protein assimilation efficiency (from P40 to P120), the elevated concentrations of body fat content under high PO4 3− -P are unlikely a result of increased lipogenesis of dietary protein, but rather a direct deposition of dietary fat. Consequently, either the concentrations or the digestibility of the dietary P was too low (the feed specifications indicate only plant and animal P sources), or that the uptake via the intestine was exhausted. In either case, PO4 3− -P will be used to supplement the needs of the animal. It is conceivable that the variation of PO4 3− -P in the water prompted intrinsic responses of major players of P homeostasis. Indeed, studies in fish and mammals showed that the dietary P supply impacts on various tissue sites and body compartments such as gut, kidney and bone [45] [46] [47] . However, molecular specificities of associated regulators, transporters, and endocrine and paracrine signals are largely unknown and yet to be elucidated in African catfish. It should be noted that levels of NH4 + and glucose remained unaffected by treatments which indicate regular nutrient utilization and energy homeostasis. Serum Ca 2+ and NH4 + remained unaffected by the treatment, therefore the homeostasis/excretion via the kidney was likely not impaired [25, 44, 48] .
Welfare
The welfare of fish is usually studied via functional and behavioral approaches. Functional approaches are used to evaluate whether an animal can cope physiologically with its environmental or husbandry conditions. Behavioral approaches are used to evaluate the ability to perform natural behavioral patterns [49] . Environmental influences, primarily changes in water quality, can adversely affect fish welfare [50] [51] [52] . Thus, it is possible that the physiology, in particular stress response reactions, is influenced [53, 54] . Accordingly, behavioral changes may also occur.
We observed that with increasing concentrations of PO4 3− -P, African catfish shifted towards a lighter grey tone of the skin. Catfish are able to alter their skin coloration to lighter or darker. Melanosomes inside the skin are responsible for this action, as they may change in number and size [55, 56] . Different mechanisms causing this change are described, such as adaptation to the background color [57, 58] and light regime [59] of their environment, dietary composition [60] , hormones [55] and environmental stress [61] . A direct effect of PO4 3− -P in the water on the skin coloration of fish is not described in literature. However, the skin of the scaleless African catfish could also be affected in regard to mineralization [15] . It is known that the mineralization of the skin can be affected by dietary P [62] . In this case, the lighter skin coloration would be the result of calciumphosphates that precipitated inside the skin [17, 63] , to be tested in subsequent studies.
Alterations of the cortisol level is often used as an indicator for stress in welfare investigations [43] , because it reflects acute and long-term (chronic) stress [53, 64] . Cortisol production can be influenced by environmental impacts, such as pollutants in the water [54] . To our knowledge, there is no study addressing cortisol changes resulting from increased PO4 3− -P concentrations in the rearing water available. In our study, we did not find significant differences in the plasma cortisol response between the treatment groups. Slightly elevated plasma cortisol levels due to netting stress occurred over the course of the sampling procedure. Under this consideration, the plasma cortisol amplitude increased regularly with ongoing sampling in every group but was not affected by the PO4 3− -P concentration in the rearing water. This also demonstrated that an alteration of the cortisol level due to PO4 3− -P concentration did not occur. Alterations of the blood glucose concentrations were similar in all groups and in a typical range for C. gariepinus [65] . Further effects such as immuno-and growthdepression as a consequence of chronic hypercortisolism [44] could not be observed in our study. Therefore, we suggest that the stress level following PO4 3− -P exposure below 80 mg L −1 can be considered as low.
In the P120 group, the fish altered their agonistic behavior, also seen in the highest number of biting wounds compared with P0 to P80. However, differences between P40, P80 and P120, or P0 and P80 were not significant. This trend correlated with significantly less group air breathing and swimming activity from P0 towards P120, leading to the assumption that the observed elevation in the number of biting wounds was due to behavioral changes. One explanation is an adaption to the water conditions, in particular regarding turbidity. African catfish have only poorly developed eyes [66] and are nocturnal. It can be speculated, that inside the turbid water, the fish react differently on each other; therefore interaction (visual, tactile sense) only occurs when the animals are very close, triggering a more aggressive response, such as biting (discussed in Baßmann et al. [65] ). African catfish are normally territorial animals. Under high stocking density, this territorial behavior is suppressed, and the fish tend to school up and spend much time resting, provided that feed and DO are adequate. Under high concentrations of DO, the African catfish is described as a faculatative air breather [67] . If however, the fish returns from air breathing at the surface, finding a resting place may disrupt the school and trigger an aggressive response in other fish. Because African catfish are more active at twilight and/or night, Britz and Pienaar [68] demonstrated a link between light intensity, swimming activity, air breathing and agonistic behavior, resulting in injuries and cannibalism. When exposed to bright light, the animals in these studies were less active and reduced air breathing, but spend more time resting, were more territorial and had increased numbers of injuries. This is corresponding to our results. Possibly, the diffuse light conditions during the day in our experiments in combination with the increased water turbidity under high PO4 3− -P is perceived brighter than without turbidity by the fish. To find out which exact mechanism (e.g., the visual or tactile sense) caused the increased number in biting wounds under high PO4 3− -P concentrations, the experiment would have to be repeated under total darkness.
Materials and Methods
The experiment and the analyses were performed according to the experimental plan and in accordance with the guidelines and legislation in force, such as the Protection of Animals Act, and the permission for keeping fish under experimental conditions. The study was approved by the 'Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-VorpommernVeterinärdienste und Landwirtschaft' Rostock, Germany with the following ID number: 7221.3-2-022/16.
Experimental Design
The experimental setup consisted of four separate RAS, located at the aquaculture research facilities at the University of Rostock. Each system included three glass aquaria (100 cm × 40 cm × 50 cm; volumemax = 200 L, volumeeffective = 150 L) and a sump (volumeeffective = 77 L), resulting in a total, effective volume of 527 L per system. The sump housed a small mechanical filter for the removal of particulate matter (filter pad, 30 ppi), a moving bed biofilter supporting nitrification (carrier material: HEL-X ® Biocarrier, 780 g, 836 m − ² m − ³, 165 kg m −3 ≙ 3.95 m² effective surface area), a submerged pump (AquaMedic Ocean Runner OR 3500), which was set to a flow rate of 13 L min −1 ≙ 4.3 L min −1 per aquarium and a heater (GroTech Heater HI-300, 300 W). Aeration was achieved with a diaphragm pump (1 RAS −1 , EHEIM air pump 100), which was connected to one air outlet in each aquarium. Each RAS represented an experimental unit only differing in P concentrations (Section 4.3). All RAS were filled with temperature conditioned tap water.
Fish and Feeding
Each RAS was stocked with juveniles of African catfish (16 tank −1 ) with a mean weight (± SD) of 30.81 g ± 6.56 (Fischzucht Abtshagen, Abtshagen, Germany). Prior to the start of the experiment, fish were acclimated to the rearing conditions for seven days. A set of 16 animals was stocked in a separate aquarium as a reference for initial fillet and whole-body composition (baseline). This baseline was treated the same way as the control and the test groups during the acclimatization period (first 7 days), held without feeding for two days and was then slaughtered for analysis.
The fish were hand-fed during the whole experiment (61 d, from stocking to slaughter), solely with a commercial diet for African catfish (Skretting Meerval START, 3.5 mm) at 9:30 am. The feed composition was analyzed with 94.40% dry matter content, 51.30% crude protein, 10.80% fat, 9.85% ash, 2.03% fiber, 2.24% calcium, 0.18% magnesium, 1.55% phosphorus, 1.01% potassium, 0.42% sodium, and was further specified with 5000 UI kg −1 retinol (E672), 750 UI kg −1 cholecalciferol (E671), 42,0 mg kg −1 iron, 2.1 mg kg −1 iodine, 5.0 mg kg −1 copper, 16.0 mg kg −1 manganese, 110.0 mg kg −1 zinc, 50.0 mg kg −1 ethoxyquin (E324). During acclimatization, all fish were fed 2.0% of body weight d −1 . The feeding was observed to prevent excess feeding and possible leftovers. Uneaten pellets were carefully collected with a small net after 30 min, counted and multiplied with the dry weight of 0.12 g pellet −1 . Due to a good feed intake, the feed ratio was gradually increased to reach a mean daily feeding ratio of 2.64% BW d −1 . Mortality was determined visually. Dead fish were removed from the tank and the mean calculated weight was used to recalculate the feed ratio per fish tank. Before the fish were slaughtered for the analysis of the initial and final body composition, both the fish of the baseline and the experimental groups were held without feeding for two days.
Experimental Units and Water Quality
The concentrations of PO4 3− -P were aimed at four levels, with group 1 (control: P0, without addition of fertilizer): PO4 3− -P <10 mg L −1 , group 2 (P40): 40 mg L −1 , group 3 (P80): 80 mg L −1 , and group 4 (P120): 120 mg L −1 . P addition was achieved by solving diphosphorus pentoxide (P2O5, Roth, Karlsruhe, Germany) in a mixing tank (HD-polyethylene) in demineralized water. P2O5 reacts strongly exothermic with water to orthophosphoric acid (P4O10 + 6H2O → 4H3PO4). The acidic solution (pH < 2) was then neutralized with sodium hydroxide (NaOH, Roth, Karlsruhe, Germany) to pH 6.5-7.0 and left for temperature conditioning overnight. The neutralized, temperature conditioned PO4 3− -P solution was then added to the system water into the sump during water exchange. Due to the fact that at neutral to alkaline pH, phosphoric acid precipitates with calcium (3 CaCO3 + 2 H3PO4 = Ca3(PO4)2 + 3 CO2 + 3 H2O) or magnesium (2 H3PO4 + 3 MgCO3 → Mg3 (PO4)2 + 3 H2O + 3 CO2), which are dissolved in tap water, the target concentrations were reached after multiple additions of neutralized PO4 3− -P solution during the first week of the experiment. To adjust the conductivity of the four treatment groups, sodium chloride was added to the solutions. The general rearing conditions, defined by the levels of DO, pH-value, electrical conductivity and redox-potential, were measured in all tanks in triplicate daily between 7:00 and 9:00 a.m. with a multimeter (HACH ® Multimeter HQ40d). To determine the levels of NH4 + -N, NO2 − -N, NO3 − -N, PO4 3− -P, K + , Ca 2+ and Mg 2+ , water samples were taken on Mondays, Wednesdays and Fridays at 9:00 am, and were measured colorimetrically with an automated discrete analyzer (ThermoFisher Scientific™ Gallery™) according to the manufacturer's protocol. To measure the effect of water exchange and PO4 3− -P dosing to the process water, another water sample was taken 24 h after water exchange. All samples were measured in triplicates. To maintain an adequate water quality, water exchange of 75 L ≙ 15% RAS volume was performed by emptying the pump sumps on Mondays, Wednesdays and Fridays, three hours after feeding.
Water Quality Calculations
Ammonia nitrogen: *
with: ci = concentration, M = molar mass, N = nitrogen, NH4 + = ammonia. Total oxidized nitrogen (TON):
with ci = concentration, M = molar mass, N = nitrogen, NO3 − = nitrate, TON = total oxidized nitrogen. Nitrite nitrogen: *
with ci = concentration, M = molar mass, N = nitrogen, NO2 − = nitrite. Nitrate nitrogen:
with ci = concentration, N = nitrogen, NO2 − = nitrite, NO3 − = nitrate, TON = total oxidized nitrogen. Total dissolved nitrogen (TDN): (5) with ci = concentration, N = nitrogen, TDN = total dissolved nitrogen, TON = total oxidized nitrogen. Ortho-phosphate phosphorus: *
with ci = concentration, M = molar mass, P = phosphorus, PO4 3− = ortho-phosphate
Analysis of Feed and Fish
To assess the feed composition and the related growth performance of fish as the overall assimilation efficiency of protein, fat and minerals, feed samples were analyzed for dm content, protein, fat, ash, Ca, total phosphorus (TP), Na, Mg and K at the "Landwirtschaftliche Untersuchungs-und Forschungsanstalt der LMS Agrarberatung GmbH (LUFA) in Rostock, Germany. The feed parameters were measured according to standard methods "VDLUFA", (http://www.vdlufa.de/Methodenbuch/index.php/de/). Total weight, standard length (nose to base of fin), total length (nose to tip of fin), external injuries of all fish were recorded at the beginning and end of the experiment, and skin coloration of all fish was recorded once at the end of the experiment. To determine the skin coloration a numbered grey-chart with nine different shades of grey was used. The fish were placed on the grey chart (RGB codes: 242, 242, 242; 217, 217, 217; 191, 191, 191; 166, 166, 166; 128, 128, 128; 89, 89, 89; 64, 64, 64; 38, 38, 38; 13, 13, 13) immediately after catch, and their individual skin coloration was evaluated according to the best match.
The first eight, randomly caught fish (including 3 males and 3 females) from each tank were used for blood withdrawal and dissection. Prior to blood withdrawal, fish were stunned by percussion of the brain, afterwards they were immediately decapitated. To determine the concentrations of functional blood parameters (plasma cortisol, P, Ca 2+ and NH4 + cortisol and glucose), approx. 0.5 mL blood was taken from the Vena caudalis of three males and three females of each tank. The blood glucose was immediately measured (ACCU-CHEK ® Aviva) after blood withdrawal. The remaining blood was transferred into heparin-coated tubes (Sarstedt Monovette, LiHeparin LH, 7.5 mL) and stored on ice. Plasma was prepared, and samples were stored at −20 °C until analysis of plasma cortisol, P, Ca 2+ and NH4 + concentrations. To measure cortisol, an enzymelinked immunosorbent assay (ELISA) for cortisol in fish (Cusabio ® ) with no significant crossreactivity or interference between fish cortisol and analogues was used according to the manufacturer's protocol. Plasma minerals (inorganic P, Ca 2+ , NH4 + ) were analyzed with commercial assays using Fuji DriChem 4000i (FujiFilm, Minato, Japan).
To determine the fillet and organ indices, the fillets, carcass, gonads, hearts, livers, kidneys and gills were weighed. The morphological analysis of the gills was based on Zayed and Mohamed [69] . To determine negative impact on the gill morphology, samples of the gills were taken at the end of the experiment. From each experimental group, the gill arches from five males and five females (n = 4 × 10) were prepared and documented via photography. The pictures of the gill arches were analyzed to determine potential effects caused by differences of rearing conditions. Also, three samples of gill arches were taken from each group for a microscopic assessment. Therefore, gill lamellae from the second gill arch were collected, left in glycerin and 70% ethanol for 24 h at 38 °C, and consequently embedded in paraffin. Glycerin has the same refractive index as cytoplasm, replaces it in the cells, and is therefore useful as mounting medium for light microscopy. Samples of the suprabranchial organ were collected and prepared for microscopic analysis the same way. In case of abnormalities, findings would be compared with the literature.
The fillets of the dissected fish were homogenized three times with a meat mincing machine (BOSCH, MFW 67440) and conveyed for analysis of the same parameters as the feed to the LUFA GmbH (see above). The remaining eight fish from each tank were analyzed as whole fish, where total weight, standard and total length, skin coloration, sex and external injuries were also recorded. These fish were homogenized and analyzed for whole body composition (LUFA GmbH).
Performance Calculations and Definitions
From the data referring to the fish counting, feed input, weight measurements, TFI, growth (G), FCR, SGR, and organ indices were calculated.
Total feed intake (TFI):
Feed eaten by fish over the experimental period g fish
Growth (G) (g):
with W0 = initial fish weight, Wt = final fish weight at harvest (last day of experiment). Feed conversion ratio (FCR):
with TFI = total feed intake, W0 = initial fish weight, Wt = final fish weight. Specific growth rate (SGR): 
Fish Behavior
The ethological investigations were based on van de Nieuwegiessen et al. [53] . The behavior was observed in individual animals, as well as in the whole group after the third and fifth week of the experiment. Observation of an individual was as follows: in each tank, one animal was observed for five minutes. Behavioral patterns such as swimming, air breathing and agonistic behavior were quantitatively documented. The ethogram is given in Table 7 .
In case the investigated fish got out of sight during observation, another fish was followed, starting from the position the former was lost and the observation continued according to van de Nieuwegiessen et al. [53] . The group behavior was determined by evaluation of video recordings (from outside the tanks) of five minutes. Thereby, the number of swimming fish was determined in 30 s intervals. The activity pattern was calculated as percentage of swimming in comparison to the total number of fishes. Air breathing and agonistic behavior were documented as frequency. Table 7 . Ethogram-behavioral patterns and their definition, adapted from van de Nieuwegiessen et al. [53] .
Behavior
Definition Agonistic behavior Chasing or biting a fish, or being chased upon or bitten by another fish
Air breathing
The animal moves to the water surface and takes a gulp of air. This was checked by escaping air from the gills of the fish, when it was swimming back to the bottom of the tank Swimming A displacement of the body, while browsing, moving, eating and air-breathing
Data Analyses
Data analyses were performed with SPSS (IBM ® SPSS ® Statistics Version 22). All data were tested for normal distribution using the Shapiro-Wilk test. When data showed normal distribution, OneWay-ANOVA was performed and homogeneity of variance was tested using the Levene's test: concentrations of Ca 2+ in the rearing water, initial body weight, whole body contents of ash, protein, fat, Ca, P, Na and K, fat content in fillet, ANNUs of protein, fat, P, Mg and K, heart index, blood glucose, swimming activity (individual), agonistic behavior (individual), air breathing (group).
When data were not normally distributed, the Kruskal-Wallis test was performed: levels of DO, temperature, pH-value, salinity, conductivity, redox-potential and concentrations of NH4 + -N, NO2 − -N, TON, NO3 − -N, TDN, PO4 3− -P, K + , Mg 2+ in the rearing water, whole body contents of dm and Mg, fillet contents of dm, ash, protein, Ca, P, Mg, Na and K, ANNUs of Ca and Na, skin darkness, serum cortisol, biting wounds, swimming activity (group), agonistic behavior (group), air breathing (individual). When One-Way-ANOVA showed significant differences and data showed homogeneity of variances Tukey-HSD (Honestly Significant Difference) was used as post-test (initial body weight, fat content in fillet), when data showed no homogeneity of variances Dunnett-T3 was used as post-hoc-tests (air breathing group).
Plasma P, Ca, NH3 were analyzed via variance analyses (PROC MIXED; SAS version 9.4; SAS Institute, Cary, NC, USA), including effects represented by treatment, tank and sex. Body weight related traits (total length, standard length, fillet ratio, SGR, FCR, TFI) were corrected for initial live weight (mean per tank) used as co-variable. The level of significance was set at p < 0.05.
Conclusions
Economical, ecological and ethical considerations require healthy animals with high feed efficiency in aquaculture production. Modern integrated systems such as aquaponics demand adjustment of water parameters in order to improve plant production, however, with no negative consequences on fish growth, welfare and product quality. This study demonstrates that different PO4 3− -P levels between 3.6 and 120 mg L −1 do not affect the P contents of 1% inside the fillet of African catfish. However, the fat content significantly increases with increasing PO4 3− -P, with relevance for product quality. The near absence of PO4 3− -P inside the water, combined with the absence of sediments as P deposits, results in a trend of reduced growth, indicating the importance of dissolved or precipitated P availability inside the system even under the use of commercial diets. Elevated levels of PO4 3− -P up to 80 mg L −1 inside the rearing water did not negatively affect the fish, with best growth performance under 40-80 mg L −1 PO4 3− -P. Only highly elevated PO4 3− -P levels of 120 mg L −1 significantly reduce the welfare status. This suggests that limited addition of PO4 3− -P fertilizer to the plant units in coupled aquaponics with African catfish and the reuse of the plant water in the recirculation aquaculture system are beneficial for both the plants and the fish.
